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Interactions between mitochondria and the cytoskeleton are essential for normal mitochondrial morphology, motility and distribution. While
microtubules and their motors have been established as important factors for mitochondrial transport, emerging evidence indicates that
mitochondria interact with the actin cytoskeleton in many cell types. In certain fungi, such as the budding yeast and Aspergillus, or in plant cells
mitochondrial motility is largely actin-based. Even in systems such as neurons, where microtubules are the primary means of long-distance
mitochondrial transport, the actin cytoskeleton is required for short-distance mitochondrial movements and for immobilization of the organelle at
the cell cortex. The actin cytoskeleton is also involved in the immobilization of mitochondria at the cortex in cultured tobacco cells and in budding
yeast. While the exact nature of these immobilizations is not known, they may be important for retaining mitochondria at sites of high ATP
utilization or at other cellular locations where they are needed. Recent findings also indicate that mutations in actin or actin-binding proteins can
influence mitochondrial pathways leading to cell death. Thus, mitochondria–actin interactions contribute to apoptosis.
© 2006 Elsevier B.V. All rights reserved.Keywords: Mitochondria; Actin; Apoptosis1. Introduction
The actin cytoskeleton is a dynamic structure that
participates in cellular functions including the maintenance
of cell polarity and morphology, intracellular trafficking of
organelles, cell motility, and cell division [1–5]. Mitochon-
dria are essential for aerobic energy mobilization. In
addition, they contribute to the synthesis and/or assembly
of cellular metabolites including amino acids, fatty acids,
iron/sulfur clusters, pyrimidines, heme, and steroid hor-
mones. Finally, mitochondria have emerged as key regulators
of apoptosis, aging, and oxidative stress [6–8]. Here, we
describe interactions between mitochondria and the actin
cytoskeleton, as well as the consequences of those inter-
actions on mitochondrial distribution, morphology, and
function.Abbreviation: mtDNA, mitochondrial DNA
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doi:10.1016/j.bbamcr.2006.02.0142. A role for the actin cytoskeleton in mitochondrial
motility and inheritance in budding yeast
Virtually all cells need mitochondria. Indeed, mutations that
compromise mitochondria are debilitating and lead, in many
cases, to death. At a more fundamental level, any daughter cell
that does not inherit mitochondria from its mother cell will not
survive. Baker's yeast (Saccharomyces cerevisiae) is a
genetically manipulatable, facultative aerobe that can tolerate
mutations that would be lethal in other organisms. As a result,
much of what we know regarding mitochondrial inheritance and
the role of the actin cytoskeleton in this process has been
uncovered using yeast as a model system.
In budding yeast, mitochondria are long, tubular structures
that align along the mother-bud axis and accumulate in the poles
of the cell, i.e., the bud tip and mother cell tip. Time-lapse
imaging reveals that mitochondria are actively transferred to
cellular poles during cell division. During this poleward
movement, mitochondria undergo linear excursions that are
either “anterograde” and directed toward the bud tip, or
“retrograde” and directed toward the mother cell tip. After
they have been transported to the opposite poles, mitochondria
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division cycle [9,10]. Thus, it can be said that yeast mito-
chondria and chromosomes exhibit similar patterns of move-
ment during cell division. In both cases, poleward movement
combined with anchorage at the poles leads to an equal
segregation of inherited material (Fig. 1).
Despite the similarities in their patterns of movement,
mitochondria and chromosomes use fundamentally different
mechanisms for movement. First, actin, not microtubules,
mediate mitochondrial motility in budding yeast. Early studies
revealed that mutations in the actin-encoding ACT1 gene result
in defects in mitochondrial distribution and motility [11,12].
Consistent with this, mutation of CCT4 and CCT6, essential
genes that encode chaperonin proteins required for actin
folding, also produce defects in mitochondrial morphology and
distribution [13]. Second, several lines of evidence indicate
that actin cables, bundles of F-actin that align along the
mother–bud axis, are the tracks for movement of mitochondria
and other cargoes in budding yeast (Fig. 2). Organelles or
particles, including mitochondria and endosomes, co-localize
with actin cables. Moreover, mutations or agents that
destabilize actin cables result in defects in the movement
and/or localization of secretory vesicles, endosomes, spindle
alignment elements, RNA, vacuoles, Golgi, and mitochondria.
Finally, type V myosins or actin polymerization have been
implicated as force generators that drive cargo movement
along actin cables [5]. Thus, the majority of cargos that move
between mother and daughter cells in budding yeast do so
using actin cables.
In the case of mitochondria, there is direct experimental
evidence for a role for actin cables in movements leading to
their inheritance in budding yeast. Two-color time-lapse
imaging studies in living yeast revealed that mitochondria can
engage with actin cables and undergo both anterograde and
retrograde movement along actin cables [10]. Below, we
describe the molecules that link mitochondria to actin cables,
drive anterograde or retrograde mitochondrial movement alongFig. 1. The mitochondria inheritance cycle in budactin cables, and contribute to the retention of mitochondria at
the poles during cell division (Table 1) [14–17].
2.1. The mitochore: a mitochondrial membrane protein
complex that links mitochondria and mtDNA to the actin
cytoskeleton for movement and inheritance
MMM1,MDM10, andMDM12 were identified in screens for
mutations in yeast that affect the maintenance of mitochondrial
morphology or mitochondrial distribution and morphology
[18–20]. The proteins encoded by these genes (Mmm1p,
Mdm10p, and Mdm12p) comprise an integral mitochondrial
membrane protein complex that spans the mitochondrial outer
and inner membranes, is required for normal mitochondrial
morphology, contributes to the maintenance of mtDNA, and
links mtDNA and mitochondrial membranes to the actin
cytoskeleton for movement and inheritance.
Several lines of evidence support the model that Mmm1p,
Mdm10p, and Mdm12p interact physically. First, all three
proteins localize to the same compartment within mitochondria.
Mdm10p and Mdm12p are integral mitochondrial outer mem-
brane proteins. Mmm1p is also an integral membrane protein;
however, it is found at contact sites (sites of close contact between
mitochondrial outer and inner membranes), where it spans both
membranes [21]. Second, analysis of pair-wise combinations of
these proteins revealed that they co-immunoprecipitate and co-
localize at punctate structures on mitochondria. Moreover,
Mmm1p and Mdm12p are dependent upon each other for
assembly into puncta on mitochondria [22]. Together, these
studies indicate that Mmm1p, Mdm10p, and Mdm12p are
subunits of a protein complex that localizes to mitochondrial
contact sites, is integrated in the mitochondrial outer membrane,
and extends into the mitochondrial inner membrane.
Consistent with these physical interactions, there is genetic
evidence that MMM1, MDM10, and MDM12 have functional
interactions. Early studies revealed that yeast-bearing mutations
in any one of these genes show similar phenotypes: abnormal,ding yeast. Please refer to the text for details.
Fig. 2. Role for actin cables in organelle inheritance in budding yeast. Please
refer to the text for details.
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tory activity; high rates of mitochondrial DNA (mtDNA) loss;
and defects in mitochondrial distribution which perturb the
transfer of mitochondria from mother cells to developing
daughter cells [18–20,22,23]. Consistent with this, yeast-
bearing mutations in two or three of these genes exhibit the
same phenotype as single mutants [20]. Moreover, a suppressor
that promotes mtDNA maintenance in mmm1Δ cells also
suppresses mdm10Δ mutants [24]. Collectively, these findings
indicate that Mmm1p, Mdm10p, and Mdm12p perform a
function(s) that is required for normal mitochondrial morphol-
ogy, activity and inheritance, and for mtDNA maintenance.
In yeast cells and other cell types, mtDNA is organized
into nucleoids, DNA–protein complexes that are resolved by
light microscopy as discrete structures within mitochondria
[25]. In budding yeast, mtDNA nucleoids are punctate
structures that are associated with the matrix-side of the
mitochondrial inner membrane. Recent evidence indicates that
Mmm1p, Mdm10p, and Mdm12p may physically interact
with mtDNA nucleoids and affect the stability and/or
assembly of these structures. Deletion of either MMM1 or
MDM10 leads to rapid loss of mtDNA [20,26]. In contrast,
mtDNA is lost at a lower rate in MDM12 deletion mutants,
and the number of mtDNA nucleoids in mdm12Δ cells is
decreased compared to wild-type cells. Moreover, most of the
mtDNA that is detected in mdm12Δ cells localizes to diffuse
structures that are morphologically distinct from the punctate,
discrete mtDNA nucleoids that are typical of wild-type cells.
Thus, it is possible that the loss of mtDNA in yeast-bearing
mutations in MMM1, MDM10, or MDM12 is due to defects in
assembly and/or stability of mtDNA nucleoids. Since
Mmm1p, Mdm10p, and Mdm12p localize to punctate
structures that are in close proximity to mtDNA nucleoids
[22,26], it is likely that the Mmm1p/Mdm10p/Mdm12p
complex contributes to mtDNA nucleoid assembly and/or
stability through physical interactions with these structures.Finally, other studies indicate that Mmm1p, Mdm10p, and
Mdm12p contribute to mitochondrial inheritance in budding
yeast by linking mitochondria to actin cables. Deletion of
MMM1, MDM10, or MDM12 results in a loss of all detectable
anterograde and retrograde mitochondrial movement. Since
poleward mitochondrial movement is dependent upon actin
cables, this finding raises the possibility that Mmm1p,
Mdm10p, and Mdm12p are required for the association of
mitochondria with actin cables. Consistent with this, the binding
of mitochondria to actin filaments in vitro is dependent upon
Mmm1p and Mdm10p. Isolated yeast mitochondria contain
ATP-sensitive F-actin binding activity [12]. Deletion of
MDM10 results in a loss of this activity. Moreover, mitochon-
dria isolated from a temperature-sensitive mmm1-1 mutant
exhibit temperature-sensitive actin binding activity. Together,
these findings support the model that the Mmm1p/Mdm10p/
Mdm12p protein complex is required for the binding of
mitochondria to actin filaments, and that this actin binding
activity is responsible for the association of mitochondria with
actin cables and subsequent poleward movement.
Although Mmm1p, Mdm10p, and Mdm12p are required for
the interaction of mitochondria and mtDNA with the actin
cytoskeleton, it is likely that this protein complex does not bind
directly either to F-actin or to mtDNA nucleoids. In the case of
mitochondrial–actin interactions, salt washes, which release
peripheral membrane proteins from mitochondria but have no
effect on the association of Mmm1p, Mdm10p, and Mdm12p
with the organelle, block mitochondrial actin-binding activity.
Thus, a peripheral mitochondrial membrane protein(s) is
required for Mmm1p/Mdm10p/Mdm12p-dependent interaction
of mitochondria with the actin cytoskeleton [23]. In the case of
mtDNA maintenance, Mmm1p, Mdm10p, and Mdm12p
interact genetically with Mdm31p and Mdm32p, proteins that
form a complex on the mitochondrial inner membrane and are
required for normal mitochondrial morphology and mainte-
nance of mtDNA [27]. Therefore, it is possible that Mmm1p,
Mdm10p, and Mdm12p affect mtDNA maintenance through
interactions with Mdm31p and Mdm32p.
These findings support the model that Mdm10p, Mmm1p,
and/or Mdm12p form a complex at mitochondrial contact sites
that serves as a scaffold for binding to proteins that interact with
actin cables and mtDNA nucleoids. As a result, these proteins
link mitochondrial membranes and mtDNA to actin cables (Fig.
3). These interactions with the cytoskeleton, in turn, are critical
for the poleward movement and inheritance of mitochondrial
membranes and mtDNA. Accordingly, we refer to the Mdm10p/
Mmm1p/Mdm12p complex of budding yeast as the “mito-
chore” since it functions, like the kinetochore, in linking the
minimal hereditary unit of the mitochondrion, i.e., its mem-
branes and DNA, to the cytoskeleton for poleward movement
and segregation during cell division.
2.2. Mechanisms for actin-driven anterograde mitochondrial
movement
Since mitochondria undergo poleward movement along actin
cables in budding yeast, it is conceivable that plus- and minus-
Table 1
Proteins involved in mitochondrial morphology, distribution, and retention in budding yeast
Gene Protein Localization Mutant phenotype Reference
numbers
Actin cytoskeleton Mitochondrial morphology Mitochondrial movement Mitochondrial inheritance
ACT1 Actin Actin patches
and actin cables
na Fragmented, aggregated Anterograde: none
retrograde: none
Decreased,
loss of mtDNA
[11,12,38]
ARP2, ARC35,
ARC40, ARC15
Arp2/3 complex subunits Actin patch and
mitochondria
Delocalized patches Tubular, fragmented,
clumped
Anterograde: none
retrograde: normal
Decreased [13,36]
BNI1, BNR1 Formins, stimulate
actin polymerization
Actin cable assembly
sites
Loss of actin cables Fragmented, spherical Anterograde: none
retrograde: none
nd [10]
CCT4, CCT6 CCT complex required
for actin folding
Cytosol Disorganized Fragmented, aggregated
tubules
nd a nd [13]
COF1 Cofilin Actin patches Defect in actin dynamics Fragmented nd nd [13]
IQG1 Homolog of mammalian
IQGAP's
Contractile ring Disorganized Fragmented nd nd [13]
JSN1 Pumilio family protein,
binds to Arp2/3 complex
Punctate structures on
mitochondrial surface
Normal Fragmented, aggregated Anterograde: none
retrograde: normal
nd [37]
MDM1 Intermediate
filament-like protein
Cytosol Normal Fragmented, aggregated nd Decreased [14]
MDM2 Fatty acid desaturase nd Normal Fragmented, aggregated nd Decreased [14]
MDM10 Mitochore subunit Mitochondrial outer
membrane; punctate
structures near mtDNA
nucleoids
Normal Spherical Anterograde: none
Retrograde: none
Decreased,
Loss of mtDNA
[19,22,23]
MDM12 Mitochore subunit Mitochondrial outer
membrane; punctate
structures near
mtDNA nucleoids
Normal Spherical Anterograde: none
Retrograde: none
Decreased,
Loss of mtDNA
[20,22]
MDM20 Subunit of a protein acetylase,
regulates tropomyosin activity
Cytosol Short actin
cables
Normal nd Decreased [16,17]
MDM31 Genetic interactions with
mitochore
Mitochondrial inner
membrane
Normal Spherical, ring like none Decreased,
loss of mtDNA
[27]
MDM32 Genetic interactions with
mitochore
Mitochondrial inner
membrane
Normal Spherical, ring like none Decreased,
Loss of mtDNA
[27]
MLC1 Essential light chain for
Myo2p and Myo1p
Bud tip and contractile ring Normal Tubular, fragmented nd nd [13]
MMM1 Mitochore subunit Mitochondrial contact
sites, punctate structures
near mtDNA nucleoids
Normal Spherical Anterograde: none
retrograde: none
Decreased,
loss of mtDNA
[18,21–24,26]
MMM2 Mitochondrial outer
membrane protein
Punctate structures near
mtDNA nucleoids
nd Distorted/spherical nd nd [15]
MMR1 Binds to Myo2p Bud tip Normal Normal Normal Delayed inheritance, [55]
MYO2 Type V myosin, motor for
transport along actin cables
Bud tip Delocalized actin
patches
Collapsed, tubular Normal Delayed inheritance, defects
in retention at the poles
[13,29,51]
PYF1 Profilin Actin patches Defects in actin dynamics Fragmented, ring-like nd nd [13]
TPM1, TPM2 Tropomyosins Actin cables Loss of actin cables Fragmented nd Decreased; loss of mtDNA [9]
YPT11 Rab-like protein, binds to
Myo2p
Bud tip Normal Normal Normal Delayed inheritance, defects
in retention at the poles
[29,51]
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Fig. 3. Protein and nucleic acid interactions underlying mitochondrial
inheritance in budding. Please refer to the text for details.
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and inheritance. However, genes homologous to minus-end-
directed myosins are not present in the yeast genome.
Furthermore, strains bearing single mutations of each of the
yeast myosins, or double mutations in type I or V myosins,
exhibit normal velocities of anterograde mitochondrial move-
ment [10,28,29]. Thus, the myosins do not serve as the force
generators for mitochondrial movement. Below, we describe
evidence for a role of actin polymerization and the Arp2/3
complex as force generators for actin cable-dependent, ante-
rograde mitochondrial movement in budding yeast.
Actin filament polymerization and assembly drive cellular
movements, including extension of the leading edge of motile
cells, propulsion of endosomes at the cell cortex, and movement
of bacterial and viral pathogens through the cytoplasm of
infected host cells. The Arp2/3 complex, the best-characterized
cellular initiator of actin nucleation, is required for each of these
processes. In its activated state, the Arp2/3 complex promotes
actin nucleation, creating filaments that grow at their barbed end
[30]. The Arp2/3 complex can also bind to an existing filament
to create and stabilize filament branches [31]. These activities of
the Arp2/3 complex lead to the assembly of a higher-order
dendritic array at the membrane surface, producing a branched
network of actin filaments in vivo and in vitro [32,33].
In budding yeast, the Arp2/3 complex localizes to endo-
somes where it stimulates actin polymerization for endosome
internalization and/or movement [34,35]. Other studies indicate
that the Arp2/3 complex also drives mitochondrial movement in
budding yeast. Specifically, Arp2/3 complex subunits localize
to mitochondria in intact yeast, and are recovered with
mitochondria after subcellular fractionation [36]. Since Arp2/3
complex-dependent actin polymerization activity is detected on
mitochondria in vivo and in vitro, mitochondria-associated
Arp2/3 complex is active. In addition, mutation of Arp2/3
complex subunits results in defects in mitochondrial morpho-
logy and an inhibition of anterograde mitochondrial movement
[10,37]. Consistent with this, an actin mutation that alters actin
polymerization by the Arp2/3 complex, or mutation of cofilin
and profilin, proteins that function in Arp2/3 complex-mediatedactin nucleation and assembly, result in defects in mitochondrial
morphology and/or high rates of mtDNA loss [13,38]. Together,
these studies indicate that the Arp2/3 complex is associated with
yeast mitochondria, where it stimulates actin polymerization
and generates forces for anterograde, but not retrograde,
mitochondrial movement during cell division.
Several lines of evidence indicate that Jsn1p, a Pumilo
family protein, contributes to recruiting the Arp2/3 complex to
mitochondria in budding yeast [37]. First, the Arp2/3 complex
and Jsn1p co-localize at punctate structures on mitochondria in
intact yeast, and co-immunoprecipitate from mitochondrial
extracts. Second, deletion of JSN1 results in defects in recruiting
the Arp2/3 complex to mitochondria. Third, deletion of JSN1
produces a phenotype that is similar to the one observed upon
mutation of Arp2/3 complex subunits; i.e., defects in mito-
chondrial morphology and inhibition of anterograde, but not
retrograde, mitochondrial movement. Although the Arp2/3
complex localizes to many sites within the cell, the mechanisms
responsible for intracellular targeting of this key actin nucleator
are not well understood. These studies support a role for Jsn1p
in recruiting the Arp2/3 complex to the mitochondrial surface,
and identified the first organelle-specific protein that affects
Arp2/3 complex localization.
Myosins do not drive mitochondrial movement in budding
yeast [10,28,29]. Nonetheless, these studies support a model for
anterograde mitochondrial motility in which the two funda-
mental activities found in motor molecules, i.e., binding cargos
to cytoskeletal tracks and force generation at the cargo–track
interface, are performed by two distinct, mitochondria-associ-
ated protein complexes. According to this model, the mitochore
mediates reversible binding of mitochondria to actin cables
during anterograde movement. In conjunction with this, the
Arp2/3 complex, which is recruited to mitochondria by Jsn1p,
provides the force for bud-directed anterograde movement
through actin polymerization (Fig. 4).
Ongoing studies are directed towards understanding the
mechanism whereby actin polymerization drives mitochondrial
movement along actin cables. Currently, we favor a model in
which the Arp2/3 complex stimulates the formation of actin
comet tails, similar to those observed on motile endosomes and
pathogens, at the interface between mitochondria and actin
cables. Bundling of these actin comet tails into actin cables
could subsequently result in force generation and linear cargo
movement along actin cables. Since filaments within actin
cables appear to be organized with their barbed (plus) ends
toward the bud tip, the inherent polarity of actin cables may
determine the direction of mitochondrial movement.
2.3. Mechanisms for actin-driven retrograde mitochondrial
movement
As described above, actin cables and the mitochore are
required for anterograde and retrograde mitochondrial move-
ment. In contrast, the Arp2/3 complex and Jsn1p are required
only for anterograde movement. This raises the possibility that
retrograde, i.e., mother cell-directed mitochondrial movement
occurs by a mechanism that is similar, but not identical, to the
Fig. 5. Actin cable dynamics and function in retrograde mitochondrial move-
ment in budding yeast. Please refer to the text for details.
Fig. 4. Molecules required for actin cable-dependent anterograde mitochondrial
movement during yeast cell inheritance. Please refer to the text for details.
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evidence for a role of actin cable dynamics in driving retrograde
mitochondrial movement in budding yeast.
Actin bundles provide structural support for cellular
protrusions including microvilli, filopodia and stereocilia
[39–41]. The comparable structures in budding yeast are
actin cables, bundles of F-actin that extend from the bud to the
mother cell and serve the essential function of mediating
polarized movement during cell division. Although the length,
number, or F-actin density in actin bundles may vary, the
underlying structure of all actin bundles is similar in yeast and
other eukaryotes. They consist of parallel bundles of F-actin
arranged with their barbed (plus) end toward their point of
contact with the plasma membrane [39,42].
Studies from our laboratory and others indicate that actin
cable assembly and dynamics are similar to those found in actin
bundles and in actin networks in the leading edge of motile cells
[43]. In all of these cases, new material is inserted into actin
structures at assembly sites near the plasma membrane. This
insertion results in retrograde movement of actin structures
toward the cell body [32,41,44,45]. In the case of budding yeast,
actin cables are assembled in the bud tip and bud neck. During
assembly, the formins (Bni1p and Bnr1p) stimulate actin
polymerization [46]. The newly polymerized F-actin is
stabilized by interactions with tropomyosin proteins (Tpm1p
and Tpm2p), and assembled into bundles using actin bundling
proteins (fimbrin and Abp140p) [5]. Assembly, resulting from
the insertion of new material into the end of the actin cable in
the bud tip, then results in the translocation of the growing actin
cable in the retrograde direction (Fig. 5).
Our studies also support a model in which mitochondria bind
to actin cables and use the force of retrograde actin cable flow
for movement toward the mother cell tip. This model is basedon two lines of evidence. First, the velocity of the retrograde
movement of mitochondria (0.26–0.51 μm/s) is similar to that
of retrograde actin cable flow (0.3–0.55 μm/s). Second,
visualization of mitochondria and actin cables in living cells
revealed that mitochondria remain at a fixed point on moving
actin cables as they undergo retrograde movement [10].
Together, these observations support the model that mitochon-
dria use actin cables undergoing retrograde flow as “conveyor
belts” for transport toward the mother cell tip (Fig. 5).
This mechanism whereby the forces of retrograde actin flow
are harnessed to drive retrograde intracellular movement is used
by many cargos, and is conserved in yeast and other eukaryotes.
For example, retrograde flow of actin cables in budding yeast
can drive retrograde movement of endosomes [35]. Moreover,
the retrograde flow of actin networks can drive retrograde
movement of microtubules in migrating epithelial cells [47], or
the retrograde movement of the nucleus in the process of
polarity establishment during wound healing in fibroblasts [48].
2.4. Inheritance of the fittest?
These studies reveal a new function for the Arp2/3 complex
and the first examples of Arp2/3 complex- and track-dependent
intracellular movement. They also reveal how actin cables –
motile, apparently polarized F-actin bundles – can support bi-
directional organelle movement. Finally, these studies support a
mechanism for the preferential transfer of the healthiest
mitochondria from mother to daughter cells in budding yeast,
i.e., “the inheritance of the fittest”. As described above, actin
cables are required for anterograde mitochondrial movement.
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are sufficient to drive retrograde organelle movement. Thus,
mitochondria undergoing bud-directed, anterograde movement
are “swimming upstream” along motile actin cables. In light of
this, the mitochondria that can harness the most robust
anterograde force generating system should be preferentially
transferred from mother cells to developing daughter cells.
Does this result in an inheritance of the fittest? For effective
anterograde movement, nuclear-encoded components of the
mitochondrial motility machinery (e.g., mitochore subunits that
span mitochondrial outer and inner membranes and/or mtDNA-
associated proteins that interact with the mitochore [21,27])
must be imported into the organelle. Import of proteins into
mitochondria, in turn, is dependent upon a mitochondrial
membrane potential, which itself is dependent upon mitochon-
drial respiratory activity and membrane integrity. Thus, the
mitochondria, which exhibit the most robust anterograde
movement, will be preferentially inherited during yeast cell
division, should be the fittest organelles.
Recent studies support the idea that the fittest mitochondria
are inherited in budding yeast. Imaging studies revealed that
oxidatively damaged proteins accumulate with age in budding
yeast, and are selectively retained in mother cells during cell
division [49]. Since mitochondria are the primary source of
endogenous reactive oxygen species (ROS) in yeast and other
cell types, these findings raise the possibility that mitochondria
which are oxidatively damaged, and therefore produce elevated
ROS, are also selectively retained in mother cells. Ongoing
studies are designed to test whether mitochondria–actin
interactions contribute to preferential inheritance of “fitter”
mitochondria in budding yeast.
3. Role for the actin cytoskeleton in retention of
mitochondria at the poles during cell division
The other event that contributes to mitochondrial inheritance
in budding yeast is anchorage of the organelle in the bud tip and
mother cell tip. Anchorage of mitochondria in the mother cell
tip prevents the transfer of all mitochondria into the daughter
cell [50]. Similarly, anchorage of mitochondria in the bud tip
results in the retention of newly inherited mitochondria at that
site, and increases the efficiency of mitochondrial inheritance.
Below, we describe studies implicating a type V myosin
(Myo2p), and a Myo2p-binding protein (Ypt11p) in these polar
retention events.
3.1. Myo2p mediates transport of retention factors to the bud
tip
Itoh and colleagues [51] showed that Myo2p, an essential
type V myosin, is required for mitochondrial inheritance in
budding yeast. Consistent with this, mutation of MLC1, the
essential light chain for Myo2p and other myosins, also results
in defects in mitochondrial morphology and distribution [13].
However, mutation of the Myo2p motor domain has no effect
on the velocity of mitochondria movement. Moreover, trunca-
tion within the Myo2p lever arm, a mutation that results in a 6-fold decrease in the velocity of Myo2p-driven secretory vesicle
movement, has no effect on mitochondrial morphology, co-
localization of mitochondria with actin cables, or the velocity of
anterograde mitochondrial movement [29]. Thus, Myo2p does
not appear to be a motor for mitochondrial movement. In
contrast, mutation of MYO2 results in a decrease in accumu-
lation of mitochondria in the bud tip and enhanced retention of
mitochondria in the mother cell tip [29]. These studies support
the model that Myo2p contributes to mitochondrial inheritance
through effects on retention of mitochondria at the poles.
Although Myo2p localizes to the bud tip, retention of
mitochondria in the bud tip is not affected when Myo2p is
released from that site [29]. Therefore, Myo2p does not appear
to serve as a capture device that anchors mitochondria in the bud
tip. In light of this, and the known function of Myo2p as a motor
that drives cargo movement along actin cables, we favor the
model wherein Myo2p drives movement of retention factor(s)
from the mother to the bud tip. Overall, these studies distinguish
the functions of the Arp2/3 complex and a type V myosin in
mitochondrial inheritance [29]. In addition, they provide the
first clues to a molecular mechanism for anchorage of
mitochondria in the bud tip.
3.2. Ypt11p, a Rab-like protein that binds to Myo2p, also affects
retention of mitochondria at the poles
Ypt11p is a member of the Ypt/Rab family of proteins, the
largest group within the Ras GTPase family, which were
originally identified by their essential role in yeast protein
transport. The precise function of each of the 11Ypt/Rabs of
yeast and >60 Ypt/Rabs of mammalian cells is not known.
However, Ypt/Rab proteins may regulate distinct trafficking
steps during secretion, endocytosis or transcytosis [52]. For
example, the mammalian homolog of Ypt11p (Rab11) binds to a
type V myosin and has been implicated in endosome recycling
[53].
Recently, Itoh et al. [51] showed that Ypt11p localizes to the
bud tip and bud neck, can bind to the Myo2p tail, and is required
for normal mitochondrial inheritance in budding yeast. These
findings raise the possibility that Ypt11p contributes to Myo2p
function in retaining mitochondria at the poles of dividing yeast
cells. Consistent with this, deletion of YPT11 has no effect on
mitochondrial morphology, co-localization of mitochondria with
actin cables, or the velocity of anterograde mitochondrial
movement. In contrast, ypt11Δ cells exhibit defects in immobi-
lization and retention of mitochondria in the bud tip [29]. These
studies reveal Ypt11p as an additional protein that contributes to
Myo2p function in the retention of mitochondria at the poles.
Sincemany of the adapters that link typeVmyosins to their cargos
are Rab proteins [54], Ypt11p may be part of a receptor complex
that enables retention factors to bind to the Myo2p tail, and to
move to the bud tip by a Myo2p-driven mechanism.
Finally, recent studies indicate that a second Myo2p binding
protein, Mmr1p, is also required for normal mitochondrial
inheritance in budding yeast [55]. Mmr1p has no obvious
homology with other proteins. However, it is enriched in the
bud tip and recovered with mitochondria during subcellular
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anchorage of mitochondria at the poles. Ongoing studies are
directed towards understanding the mechanism of action of
Myo2p, Ypt11p and Mmr1p in mitochondrial inheritance in
budding yeast.
4. Interaction of mitochondria with the actin cytoskeleton
in other fungi
Mitochondria are tubular, highly dynamic structures in the
filamentous fungus Aspergillus nidulans. Treatment of these
cells with cytochalasin D results in fragmentation of mitochon-
dria and inhibition of mitochondrial movement [56]. Mutation
of the essential myosin I, myoA, does not interfere with
mitochondrial movement in Aspergillus. However, a homolog
to the mitochore subunitMDM10 of budding yeast (MdmB) has
been identified in this organism [57]. Like Mdm10p, MdmB
protein localizes to mitochondria and behaves like an integral
mitochondrial membrane protein. Moreover, deletion of MdmB
produces defects in mitochondrial morphology and distribution
similar to that observed in mdm10Δ cells, i.e., an accumulation
of large, spherical, non-motile mitochondria.
Another filamentous fungus, Neurospora crassa, expresses a
protein that is homologous to the mitochore subunit Mmm1p. In
Neurospora, as in budding yeast, Mmm1p is required for
normal mitochondrial morphology [58]. However, in contrast to
budding yeast, where mitochondrial movement is actin-
dependent, mitochondrial motility in Neurospora is dependent
upon microtubules and two novel Unc104/Kif-1-related
members of the kinesin family [59,60]. Therefore, mitochore
subunits can influence mitochondrial morphology, independent
of organelle–cytoskeletal interactions. In contrast, mitochon-
drial motility in Aspergillus depends upon the actin cyto-
skeleton and the Mdm10p homolog, MdmB. Therefore, the
mechanism underlying mitochondrial movement in Aspergillus
nidulans may be similar to that observed in budding yeast.
5. Interaction of mitochondria with the actin cytoskeleton
in plants
Actin-dependent organelle movement was originally dis-
covered by analysis of cytoplasmic streaming in plants. During
this process, organelles and vesicles undergo vigorous movement
around a large, central vacuole at velocities of 30–100 μm/s. A
role for the actin cytoskeleton in this process emerged from
various studies. Early studies by Nagai and Rebhun [61] showed
that bundles of actin filaments align along the axis in the cortical
regions of Nitella cells. Bradley later showed that cytoplasmic
streaming could be inhibited by destabilization of F-actin with
cytochalasin D [62]. Finally, Kachar and Reese observed
unidirectional movement of organelles along actin bundles in
Chara and in extruded cytoplasm from Chara [63,64].
These observations suggest that mitochondria have physical
interactions with the actin cytoskeleton. Indeed, in the
epidermal cells of onion (Allium cepa L.), mitochondria labeled
with the fluorophore DiOC6, and actin filaments visualized by
rhodamine-phalloidin, show extensive co-localization [65].Analysis of myosin function in maize (Zea mays) also supports
the notion that mitochondria interact with the actin cytoskeleton
in plant cells. Immunofluorescence studies with an antibody
raised against a conserved region in the tail of the heavy chain of
myosin XI proteins (a plant-specific group of myosins) revealed
that these myosins co-localize with mitochondria and plastids
but not with other membrane organelles in the root tips and
young leaves of maize [66].
Recent studies using targeted GFP revealed that mitochon-
dria are engaged in actin-dependent movement and anchorage
in plant cells. Two populations of mitochondria are detected in
elongating cultured tobacco cells (Nicotiana tabacum L.). One
population is motile and moves at rates similar to that of
cytoplasmic streaming. The other population consists of
mitochondria that are immobilized at the cell cortex in arrays
that are either parallel or perpendicular to the long axis of the
cell. Mitochondrial movement is dependent upon the actin
cytoskeleton and myosin, since latrunculin B (an actin
depolymerization drug) or 2,3-butanedione 2-monoxime
(BDM) (a myosin ATPase inhibitor) disrupts all movement,
and oryzalin (a microtubule-disrupting drug) does not affect
mitochondrial movement. Similar drug sensitivity studies
revealed that immobilization of the organelle along the oblique
axis of cultured tobacco cells is actin-dependent, while
immobilization of the organelle along the transverse axis is
microtubule dependent [67]. Thus, plant cells, like budding
yeast, exhibit actin-dependent mitochondrial movement and
immobilization of mitochondria at the cell cortex.
Mitochondrial inheritance in protoplasts from tobacco
mesophyll tissue is also dependent upon the actin cytoskeleton
[68]. In these cells, mitochondria are tubular or spherical
structures that undergo fusion, fission, and linear excursions
that are rapid (≥10 μm/s) and long-distance (>10 μm). In the
same cells, the actin cytoskeleton exhibits extensive, dynamic
reorganization. During cell division, mitochondria become less
tubular, more fragmented structures that are evenly distributed
throughout the cytoplasm. This uniform distribution, in turn,
results in an equal segregation of the organelle among newly
formed daughter cells. Mitochondria co-localize with the actin
cytoskeleton in these cells at all stages of culture. Also,
destabilization of the actin cytoskeleton results in defects in
mitochondrial distribution. In contrast to control protoplasts,
where mitochondria are dispersed, mitochondria in latrunculin
B-treated cells are aggregated and not uniformly distributed. As
a result, there is unequal inheritance of the organelle during cell
division [68]. Thus, the actin cytoskeleton controls mitochon-
drial position and inheritance in tobacco, as in budding yeast.
Moreover, since mitochondria and other organelles are
uniformly distributed in cells undergoing symmetric cell
division, this mechanism for cytoskeletal control of organelle
segregation may have more widespread use.
6. Mitochondrial interaction with actin cytoskeleton in
neurons
In neurons, mitochondria are synthesized in the cell body.
Thereafter, they are transported to and retained at sites of high-
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branches, nodes of Ranvier, distal initial segments, myelination
boundaries, and sites of axonal protein synthesis [69]. Mito-
chondria also undergo retrograde transport from the nerve
terminal toward the cell body. Since axons can be up to a
meter in length, robust mechanisms for organelle transport have
been developed in neurons. In the case of mitochondria, drugs
that disrupt either microtubules or actin filaments alter, but do not
completely abolish, mitochondrial movement in the axons.
However, when both cytoskeletal systems are disrupted,
mitochondria cease to move [70]. Thus, mitochondrial movement
in neurons is dependent upon microtubule and microfilament
cytoskeletons. In contrast, the retention of mitochondria at sites
of high ATP utilization in neurons requires only the actin
cytoskeleton. Below, we describe the role of the cytoskeleton in
mitochondrial movement and retention in neurons.
6.1. Role of the cytoskeleton in mitochondrial movement in
axons
In axons, microtubules are arranged in parallel arrays that are
polarized with their plus ends toward the nerve terminal and
minus ends toward the cell body. Destabilization of microtubules
inhibits rapid, long-distance axonal transport of mitochondria.
Approximately 80% of mitochondrial movement during axonal
transport is dependent upon microtubules [71]. Consistent with
this, a number of microtubule-associated motor proteins have
been implicated in mitochondrial movement in neurons.
Members of the kinesin-1 family and kinesin-3 family
(KIF1Bβ) of motor proteins associate with mitochondria and
other cargos. Moreover, KIF1Bβ can support movement of
mitochondria along microtubules in vivo, and inhibition of
kinesin-1 inhibits mitochondrial movement in motor axons in
Drosophila [69,72–75]. Thus, one or both of these motors may
drive anterograde mitochondrial movement in neurons. Although
minus-end directed kinesins have been detected in neurons, the
rate of movement by these proteins is below that observed for
retrograde mitochondrial transport [69]. Consistent with this,
inhibition of dynein alters mitochondrial distribution in axons
[76,77]. Therefore, the available evidence supports a role for
dyneins in retrograde mitochondrial movement in axons.
Actin filaments in axons are organized in a meshwork with
no obvious polarity. Drug sensitivity studies indicate that this
actin meshwork supports localized, short distance mitochon-
drial movements. Several families of myosins (I, II, V and VI)
interact with different organelles and are reported to participate
in organelle and vesicle transport in axons [78]. The velocities
of actin-based mitochondrial motility in axons are similar to the
rates of myosin V-driven movement in vitro [70]. To date,
however, no direct association of myosins with mitochondria
has been reported in axons.
6.2. Role of the cytoskeleton in retention of mitochondria at
sites of high ATP utilization within neurons
In budding yeast and cultured tobacco cells, some mito-
chondria are immobilized at the cell cortex [50,67]. Althoughthe function of cortical immobilization of mitochondria in
tobacco cells is not well understood, immobilization of
mitochondria in the bud tip and mother cell tip contributes to
equal and efficient segregation of the organelle during yeast cell
division. In neurons, mitochondria are also anchored at
intracellular sites, including sites of high ATP utilization [69].
Thus, selective retention of mitochondria in neurons may enrich
the organelle responsible for energy production at sites of high-
energy demand.
Recently, Chada and Hollenbeck [79,80] studied events
associated with region-specific docking of mitochondria in
neurons. They showed that placing a nerve growth factor
(NGF)-coated bead on the axon of a cultured chick sensory
neuron results in TrkA receptor-mediated accumulation of
mitochondria at that site. Analysis of mitochondrial motility in
living neurons revealed that mitochondria are immobilized at
sites of NGF stimulation and that this immobilization occurs in
part as a result of down-regulation of anterograde transport
away from the docking site. Finally, they showed that a
functional actin cytoskeleton is essential for NGF-induced
inhibition of mitochondrial motility. That is, mitochondria
failed to accumulate at the site of local NGF stimulation in
neurons treated with latrunculin B.
These experiments suggest that mitochondria are enriched at
sites within axons by immobilization at the cell cortex, and that
this cortical immobilization or docking is dependent upon the
actin cytoskeleton. Whether the NGF signaling pathway
regulates mitochondrial immobilization through motor protein
activities on the surface of mitochondria and/or an unidentified
docking protein remains to be determined. Finally, since the PI3
and MAP kinase pathways are two signal transduction systems
that are downstream of NGF-TrkA, these studies provide a
foundation for understanding cellular circuitry leading to this
response.
7. Interactions between mitochondria and actin during
apoptosis and aging
Programmed cell death or apoptosis is an essential cellular
function for maintaining a balance among new and old cells.
This process exists both in multicellular systems, where the
equilibrium contributes to normal development and mainte-
nance of tissues, and in unicellular system such as the yeast S.
cerevisiae, where balancing the life and death of individual cells
in the colony can affect the survival of the population in adverse
environmental conditions.
One of the best-characterized pathways leading to cell death
involves mitochondria. Change in the permeability of the
mitochondrial outer membrane, in the membrane potential of
the mitochondrial inner membrane, as well as elevated
production of reactive oxygen species (ROS) by the organelle
are diagnostic features of mitochondrial involvement in
apoptosis. The release of several proapoptotic proteins from
the organelle, including cytochrome c and apoptosis inducing
factor (AIF), is also central to this process [81]. In the cytosol,
cytochrome c and AIF bind to and activate caspases, proteolytic
enzymes whose activities ultimately lead to late apoptotic
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nuclear disintegration. These late events in apoptosis involve
the reorganization of the actin cytoskeleton and require
functional actin and myosin-based contractile forces [82–84].
Other experiments support a role for the actin cytoskeleton at
the onset of apoptosis. The addition of jasplakinolide, a drug
that stabilizes the actin cytoskeleton and induces the accumu-
lation of large F-actin aggregates, increases apoptosis in human
Jurkat T cells, several transformed murine cell lines, CTLL
cells, and interleukin-2 (IL-2)-dependent lymphocytes [85,86].
Incubation of cells with cytochalasin D, which stimulates actin
depolymerization, also enhances apoptosis in actinomycin-
induced apoptotic human CMK-7 cells [87]. Elevated caspase-3
activity, a hallmark of early stages of apoptosis, is observed in
each of these cases. Consistent with this, down-regulation of the
actin severing protein, gelsolin, stabilizes the actin cytoskeleton
and increases apoptosis [88]. Since treatment with cytochalasin
D protects these gelsolin knock-down cells from apoptosis, it is
clear that gelsolin can influence apoptotic pathways in an actin-
dependent manner. Thus, alterations in actin dynamics can
stimulate apoptosis during early stages in the pathway.
Recent studies indicate that actin-binding proteins can also
affect apoptotic pathways in mitochondria. For example,
overexpression of gelsolin inhibits apoptotic events in mito-
chondria in Jurkat cell lines [89,90]. Kusano et al. [91]
demonstrated that gelsolin overexpression results in closure of
the voltage-dependent anion channel (VDAC) in the mitochon-
drial outer membrane, which reduces the release of cytochrome
c and serves to maintain the mitochondrial membrane potential.
Since some gelsolin co-localizes with mitochondria in Jurkat
cells, it is possible that the observed anti-apoptotic effects are
due to direct interactions between gelsolin and mitochondria.
Consistent with this, cofilin, which regulates actin turnover
by promoting the severing of actin filaments, is targeted to
mitochondria during early steps in staurosporin-induced
apoptosis in HL60 cells. Moreover, entry of phosphorylated
and therefore active cofilin into mitochondria is necessary to
trigger the release of cytochrome c for further progression of
apoptosis. Finally, the actin-binding region of cofilin is essential
for its function in stimulating apoptosis [92]. Although the
mechanisms underlying cofilin-induced apoptosis are yet to be
determined, these studies support a link between the actin
cytoskeleton, mitochondria, and apoptosis.
7.1. Mitochondria–actin interactions during apoptosis in
budding yeast and other fungi
Early studies cast doubt on the existence of apoptosis in
budding yeast. Nonetheless, several findings indicate that yeast
undergo programmed cell death. For example, aging (either
chronological or replicative), exposure to toxins, or ectopic
expression of proapoptotic proteins in budding yeast stimulates
biochemical changes that are diagnostic for early and late stages
of apoptosis, including relocalization of phosphatidylserine,
DNA breakage, chromatin fragmentation, mitochondrial depo-
larization and high levels of ROS [93–96]. Moreover, a
metacaspase (Mca1p) and an orthologue of the mammalianAIF (Aif1p) are expressed in yeast and are implicated in
apoptosis [97,98]. As described above, interactions between
mitochondria and the actin cytoskeleton in budding yeast are
critical for normal mitochondrial morphology, respiratory
activity, motility and inheritance. Here, we describe interactions
between the actin cytoskeleton and mitochondria during
apoptosis and oxidative stress in budding yeast and other fungi.
In budding yeast, as in other eukaryotes, mutations or agents
that perturb normal actin dynamics stimulate apoptosis. Yeast
bearing an actin mutation (act1-159) that decreases F-actin
depolymerization [99], exhibit the hallmarks of apoptosis
including reduced mitochondrial membrane potential, elevated
ROS production, and shortened lifespan. Because deletion of
mtDNA in act1-159 cells results in reduced ROS levels,
mitochondria are believed to be the source of the ROS in
apoptotic act1-159 mutants [100]. Consistent with this, a
reduction in actin turnover by treatment with jasplakinolide,
overexpression of the actin bundling protein Scp1p, or deletion
of SLA1 and END3, genes encoding proteins that regulate actin
turnover in endosomes [101–103], also increase ROS produc-
tion and loss of viability in yeast cells. Conversely, mutations
that increase actin dynamics, including actin mutations
(act1–157) or deletion of SCP1, lead to lower ROS production
and an increased lifespan. These experiments argue for a
functional connection between actin cytoskeleton and mito-
chondrial ROS production leading to cell death and support a
role for actin dynamics in regulating oxidative stress.
The VDAC, a key regulator of mitochondrial apoptotic
pathways, has been isolated from Neurospora crassa and
reconstituted into phosphatidylcholine membranes. Interes-
tingly, incubation of actin with reconstituted VDAC results in
an increased closure of VDAC [104]. This closure was affected
by G-actin but not F-actin. Since G- and F-actin pools change in
response to changes in actin dynamics, and since the VDAC has
been implicated in release of proapoptotic factors including
cytochrome c and AIF from mitochondria, these findings
support a possible mechanism for the regulation of mitochon-
dria-dependent apoptosis by the actin cytoskeleton.
Other studies indicate that actin dynamics may affect
lifespan and apoptosis through effects on the oxidative stress
response. The Ras-cAMP pathway contributes to cellular
adaptation to environmental stresses. In yeast, this pathway
plays a role in resistance to nutrient limitations and promotes
aging [105,106]. Deletion of Ras results in an increased
resistance to oxidative stresses and a longer lifespan, while
overexpression of Ras results in decreased lifespan and
increased ROS production. These phenotypes are similar to
those observed in mutants (e.g., sla1Δ or end3Δ) that alter actin
dynamics on endosomes. Thus, elevated ROS might be the
consequence of dysfunctional Ras signaling in these cells.
Indeed, overexpression of PDE2, a negative regulator of the
Ras-cAMP pathway, leads to a decrease of ROS and an increase
in actin dynamics in end3Δ cells [103]. Thus, actin dynamics
may influence the Ras pathway and, through it, mitochondria-
mediated ROS production.
Together, these studies indicate that interactions between the
actin cytoskeleton and mitochondria are not only important for
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for mitochondria-dependent apoptotic events. Future studies
will reveal the role of cytoskeletal dynamics in apoptosis and
how mitochondrial–actin interactions contribute to this process.
8. Conclusions
Advances in our understanding of interactions between
mitochondria and the actin cytoskeleton have provided a
foundation for understanding mitochondrial movement and
localization during cell division, establishment of cell polarity,
and normal cell function. The actin cytoskeleton plays two
fundamental roles in this process: it is required for intracellular
movement of the organelle and for immobilizing the organelle at
the cell cortex. The mechanisms for actin-dependent immobili-
zation of mitochondria are not well understood. However, these
immobilization events are critical for mitochondrial inheritance
and for localization of mitochondria at sites of high ATP
utilization. Diversity appears to be a theme for actin control of
mitochondrial movement. The most widely accepted model for
cytoskeletal control of organelle movement invokes motor
molecule-driven movement of cargos along cytoskeletal tracks.
Surprisingly, there is no direct evidence that mitochondria use
myosins as motors and actin filaments as tracks in animal cells or
fungi. Instead, there is evidence for two mechanisms for actin
polymerization-driven mitochondrial movement. In one mecha-
nism, actin polymerization generates the force for movement of
mitochondria along a cytoskeletal track. In the other, actin
polymerization drives retrograde movement of actin bundles, and
mitochondria, which bind to those structures, use the force of
retrograde actin flow for their movement.
Since mitochondria are essential organelles that contribute to
fundamental processes including aerobic energy mobilization,
biosynthesis of key metabolites, calcium regulation, aging, and
apoptosis, an understanding of membrane–cytoskeletal inter-
actions that affect mitochondrial position, movement, and
function will extend our understanding of each of these
fundamental areas. Indeed, recent studies support a link
between actin–mitochondrial interactions and aging, as well
as apoptosis. Fungi will continue to play a central role as model
organisms for research aimed at understanding the mechanisms
underlying the interaction of mitochondria with the actin
cytoskeleton, and the consequences of these interactions for
cell physiology and function.
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